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ABSTRACT

The surface tension of liquid metals, Zr, Ni, Ti, Mo, and Nb, have been
measured using thé quasi-containerless pendant drop method. This*method involves
melting the end of a high-purity metal rod by bombardment with an electron beam to
form a pendant drop under ultra-high vacuum conditions to minimize surface
contamination. The magnified image of the drop is captured from a high-resolution
CCD camera and digitized using a frame-grabber. The digital image is analyzed by
reading the pixel intensities from a graphics file. The edge coordinates of the drop
along rows and columns of pixels are searched by a computer program and stored in
an array. An optimized theoretical drop shape is computed from the edge coordinates
by solving the Young-Laplace differential equation to deduce the surface tension. The
measured surface tensions are compared with available experimental results and
theoretical calculations.

KEY WORDS: digital image analysis; electron beam melting; high temperature liquid
metals; pendant drop; quasi-containerless; surface tension; thermophysical property.



1. INTRODUCTION

The surface tension of liquid metals is important to fundamental theories of
metallurgical processes and to an understanding of low-gravity processing schemes
involving a free surface, such as floating-zone crystal growth. On the ground, under
normal gravity conditions, surface tension forces contribute significantly to fluid flow
(Marangoni or thermocapillary flows) in crystal growth. In space, where buoyancy
convection is minimal, surface tension driven-flow is often the dominant type of fluid
flow. Obtaining accurate surface tension data is, therefore, particularly important to
understanding the process of crystal growth in space. Since surface tension is
determined by the microscopic structure of the surface, it is very sensitive to physical
and chemical contamination, particularly at high temperatures.

A comprehensive literature sufvey of experimentally determined values for
surface tension of pure molten metals was conducted by Keene up to 1993 [1], as part
of a program to obtain the properties of materials. These data were used to predict the
surface tension of molten metal alloys. Although the surface tension of a large number
of metallic elements have been measured before [1-5], there remain significant
uncertainties in their magnitude [4]. Many of the surface tension measurements were
made in a gaseous environment and a small amount of impurities in the gas could
strongly affect the accuracy of the measurement. Even trace quantities of oxygen and
other surface-active contaminants could change the surface tension of liquid metals
significantly [6-10].

Many techniques have been used to measure the surface tension of high-
temperature liquid metals [12-14]. Both ground- and spaced-based techniques were
described and summarized in a recent article by Thiessen and Man [15]. However,
most of the standard ground-based techniques (sessile drop, maximum bubble
pressure, and capillary rise) for measuring molten metal surface tension involve
contact of the molten metal with a foreign support material. The support material often
contaminates the surface, causing very large errors in the measured surface tension
[7]. The containerless oscillating drop technique employed in the reduced gravity of
space can potentially yield high-precision surface tension measurements for very
clean liquid-metal surfaces [5, 14]. A 1-g version of the oscillating drop method [16]
has been used to obtain ground-based results that have surface cleanliness
comparable to low-gravity experiments. Unfortunately, gravitational deformation of the
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drop alone can cause uncertainties on the order of 4% in the measurements using this
method [17].

In the present study, surface tension measurements of several liquid metals
have been measured at their melting point using the improved quasi-containerless
pendant drop method. In this method, the pendant drop of molten metal is in contact
only with its own solid and any initial surface contamination is evaporated away by
prolonged heating of the sample near its melting point. This is expected to produce a
surface purity comparable to or even better than what can be achieved by the low-
gravity containerless method. The pendant drop method has the added advantage that
it is a static method, thus presenting less uncertainty in the interpretation of results than
with the dynamic oscillating drop method. This method is similar to that used by Allen
[2] who analyzed photographs of the drop shape by selected-plane analysis that uses
only two diameter measurements of the drop to calculate *the surface tension. This
improved method involves melting the end of a high-purity metal rod under ultra-high
vacuum conditions to form a pendant drop, the shape of which is analyzed using
digital image analysis to calculate the surface tension. Digital image analysis allows
the full shape of a drop to be determined accurately.

This paper reports the surface tension measurements of liquid metals, Zr, Ni, Ti,
Mo and Nb. These metals were selected for their interest in containerless microgravity
materials research. The measurements are compared with available experimental
results and theoretical calculations. The improved quasi-containerless pendant drop
method and its sources of error are also described.

2. EXPERIMENTAL TECHNIQUE
2.1. Apparatus

Detail of the quasi-containerless pendant drop method used for the present
measurements has been described elsewhere [17]. Only a brief description essential
to the interpretation of results is given here. Figure 1 shows a schematic diagram of the
apparatus. The metal samples, in the form of a rod, were heated by an electron beam
(Fig. 2) from a tungsten filament. A tantalum focusing plate was used to direct the
energetic electrons toward the end of the rod. The filament power was provided by the
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main power outlet through a transformer and potentiometer. The acceleration voltage
of the electrons was fixed at -4kV. Both the filament and the focusing plate were kept at
the same potential. The grounded sample was mounted on a linear micrometer drive
feedthrough to allow the sample to be moved up and down vertically. The apparatus
was housed inside a vacuum chamber with a base pressure of below 2x10® Torr.

The imaging system (Fig. 1) consisted of a high-resolution CCD camera and a
macro lens of large numerical aperture with a variable extension tube to magnify the
image of a small molten drop (~4 mm diameter) at a minimum working distance of 25
cm. This lens allowed the image of the drop to fill the full view of the CCD chip to
enable a more accurate analysis. For high-temperature molten metals the glowing
sample provided good contrast between the drop and the background, thus no
external light source was required. A set of neutral density filters was used for
adjusting the image brightnessto prevent saturation of the camera. The CCD camera
and lens system were mounted on an optical stage assembly that permitted 3-axis
translation and 2-axis tiit adjustments. The images were digitized using a frame-
grabber card and stored on the computér for subsequent analyses.

2.2. Calibration and Analysis of Data

The magnification factors of the digital image in both the x and y directions were
obtained from calibration with precise spheres (specified to within 2.5 pm in
diameter) positioned within the vacuum chamber. A digital image of the calibration
sphere was made using collimated back lighting from a fiber-optic white light source.
The camera settings remained the same throughout the time between calibration and
the drop experiments. The precise vertical alignment of the CCD camera with the
gravity vector was obtained by imaging a thin plumb wire at the location of the sample
and adjusting the camera orientation until the edge of the wire in the digital image
aligned with a column of pixels.

Computation of the surface tension from a digital image of a pendant drop was
by a computer program [18] that read the pixel intensities from a graphics file
containing the digitized image. The edges of the drop along each row or column of
pixels were searched and the edge coordinates stored in an array. A trial theoretical
drop shape was then computed by solving the Young-Laplace differential equation.
This shape depended on four parameters. The first three parameters are boundary
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conditions to the differential equation that include the x and y coordinates of the drop
apex and the radius of curvature, R,, of the drop at its apex. The fourth parameter is

the Bond number, B, which is inversely proportional to the surface tension. The trial
theoretical drop shape was compared to the experimental edge coordinates through
an objective function:

in(ani) (M

i=1

where &n, is the separation of the ith experimental edge point from the theoretical

edge along the normal to the theoretical curve. The objective function was minimized
by variation of the four parameters. Following parameter optimization, the surface
tension, 7, was then calculated from the following identity: '
Ap R?
y=8=2L"% g : (2)

where g is the gravitational acceleration (9.8016 ms? was used in the calculation),
and Ap is the density difference between the drop and its surroundings. Since the
drop was in vacuum, Ap was simply given by the density of the material at the melting
point p_.

The full-shape analysis described here has several advantages over the
standard selected-plane analysis [2] which used only two diameter measurements to
calculate the surface tension. It generally gives a substantially lower standard
deviation. Furthermore, if the theoretical and experimental shapes fail to match closely
after optimization, this can indicate nonuniformity in the surface tension arising from
temperature gradients or nonuniform impurity distributions along the surface or
significant drop oscillations resulting from instrument vibration.

2.3. Sample Preparation and Experimental Procedure

The samples were machined from 6.5 mm diameter metal rods to form a stem of
approximately 2.5 mm in diameter on one end. They were etched in an appropriate
acid, depending on the material, to remove any initial oxide layer or other surface
contamination. Zr, Ni, and Ti were etched for several minutes in a nitric acid solution



consisting of one part nitric acid to three parts water. The samples were rinsed in water
and then in ethanol, dried by evaporation, mounted on the micrometer drive, and
quickly put inside the vacuum chamber. Mo samples were etched in one part formic

acid to nine parts hydrogen peroxide for ten minutes at room temperature [19]. The Nb
samples were cleaned by etching in a mixture of HCl (15v%), H2S04 (15v%) and

H2NO3 (8v%) for 30 seconds [20]. The purity of the metal rods (all from Johnson
Matthey) and their relevant properties are given in table 1.

During the experiment, the sample temperature was raised slowly to just below
melting for several hours while maintaining good vacuum conditions (107 Torr range)
to allow thorough outgassing and evaporation of surface impurities. When the
pressure fell to the low 107 Torr range, the temperature of the sample was then raised
slowly until the tip of the rod was molten to form a drop. For Ti and Mo, the pressure
went down to the 10° Torr level during the experiment because of the gettering effect
from their vapors. The temperature of the drops could be controlled very precisely and
the solid-melt interface could be moved slowly upward from the drop apex to the neck
where the drop joins the stem. Since the liquid metallic drops were small (typically a
few millimeters in diameter) and the thermal conductivity of metais is good, the
temperature gradient across the surface of the drop was estimated to be small. The
drops were melted uniformly across the diameter of the stem and maintained at this
condition for successive image captures.

3. RESULTS AND DISCUSSIONS

The experimental results are shown in table 2. They include the average
surface tension at meiting temperature, the standard deviation for a large number of
runs, and the average Bond number obtained from the experiments. Table 3 shows a
comparison of the present measurements with available surface tension data from the
literature.

During a typical experimental run, 20 or more images of a single sample were
captured. For low evaporation metals, image capture was carried out over a period of
several hours until the vacuum chamber windows were significantly coated with metal
vapor, reducing the visibility and contrast of the images. The time at which each image
was captured was also recorded to study the variation of surface tension as a function
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of the length of time the drop has been kept molten. Significant variations may indicate
the purity of the sample material or surface impurity levels had changed over time.
Sets of images were taken on several days for each sample to study the consistency of
the results. Average values of the surface tension and standard deviations were
calculated from these sets of runs.

Error Analysis

One major advantage of using digital image analysis of pendant drop shapes is
the ease of which sources of error in the surface tension measurements can be
diagnosed. The objective function itself, as shown in Eq. (1), is a measure of how well
the measured drop shape corresponds to the theoretical shape. The magnitude of the
objective function generally arises from a combination of drop shape distortion and
noise in the imaging system. Values above’ the noise level may indicate the presence
of drop shape oscillation, optical distortion, camera misalignment, surface tension
gradients, or nonuniform melting of the pendant drop. Noise in the imaging system
was found to cause a consistent scatter of approximately +2 um in the edge
coordinates [17].

Oscillation of the molten metal drops was sometimes encountered in the
experiments. When oscillation occurred, the runs were postponed until it stabilized to
an acceptable level. The oscillation might have originated from vibration of the vacuum
pump or, more likely, from vibration in the building. It was also possible that the drop
shape oscillation was caused by the electron beam heating as has been suggested by
other workers [21]. Drop shape oscillation is believed to be the main contributor to the
random error indicated by the standard deviation of the surface tension
measurements.

A nonaxisymmetric solid-melt-vapor contact line at the top of the drop, which
may result from nonuniform melting, can cause distortion of the pendant drop shape.
This distortion can, in turn, cause a systematic error in the measurements. The error is
expected to be small for our experiments, although the magnitude of such an error
cannot be easily estimated. Another source of systematic error is the magnification
factors. They are dependent on the sharpness of focus obtained. They have been
estimated [17] to be approximately 0.1 %. An error of 0.1 % in the magnification factor
would translate into a 0.2 % error in the surface tension.



Other sources of systematic error arise from uncertainties in the parameters in
Eq. 2. Errors in the surface tension are linearly proportional to errors in the
gravitational acceleration and the density of the melt. The pendant drop technique
with full-shape analysis actually measures the Bond number, which is a dimensionless
quantity containing the gravitational acceleration, melt density, radius of curvature at
the drop apex, and surface tension. The Bond number, surface tension, and radius of
curvature for each measurement were recorded so that surface tension values can be
corrected in the future for improved values of melt density or gravitational acceleration
at the experiment location.

3.1. Zirconium Measurements

The avérage measured surface tension value and standard deviation obtained
in this study for Zr are 1463 +12 mN-m™. The present surface tension measurements
are somewhat lower than the best value of 1480 mN-m™ obtained by Allen [2] using
the drop weight method. However, théy agree well with Allen's value of 1469+ 4
mN-m™, obtained with a similar pendant drop method but using the selected-plane
analysis [2]. The present results also agree well with a more recent measurement of
1435 mN-m™ obtained by Vinet et al [22] using the drop weight method (table 2).

3.2. Nickel Measurements

The average measured surface tension value and standard deviations obtained
in this study for Ni are 1687 + 22 mN-m™. The surface tension of Nickel has been
measured by several researches. Fraser et al [23] used the oscillating drop technique
to measure the surface tension of high purity nickel (200ppm impurities) at a
temperature of 1550 °C, which is 97 °C above the melting point. They obtained a value
of 1998+ 14 mN-m-1 which is substantially higher than the present measurements.

Using the drop weight method, Allen [2] obtained a value of 1780+50mN-m-1.
More recently, Sauerland, Eckler and Egry [24] obtained a value of 1868 mN-m-1 using
the oscillating drop technique. This measurement was performed near melting point
using levitated aspherical liquid nickel droplets and digital image processing.



3.3. Titanium Measurements

The average measured surface tension value and standard deviations obtained
in this study for Ti are 1475+23 mN-m”. Namba and Isobe [25] obtained a similar
result of 1460 mN-m™ using the drop weight method conducted in vacuum using a
99.92% purity Ti sample. Peterson et al [26] obtained a value of 1390 mN-m™, using
the pendant drop method in an Ar atmosphere for a similar purity of Ti. However, a
higher value of 1656+4 mN-m™ was reported by Allen [2] who used the pendant drop
method in vacuum for his experiments.

3.4. Molybdenum Measurements

The average measured surface tension value and standard deviations obtained
in this study for Mo are 2068+70 mN-m™. This value agrees well with the value of
2049 mN-m™! obtained by Flint [27], who used the pendant drop method to measure a
99.98% purity Mo sample in vacuum. A slightly higher value of 2080 mN-m™ was
obtained by Namba and Isobe [25], who used the drop weight method with a 99.7%
Mo sample. Employing the pendant drop method, Allen [2] obtained a value of
2239+10 mN-m™  with a sample material purity of 99.9996%. The higher purity
material used may partially explain the higher value obtained by Allen.

3.5. Niobium Measurements

The average measured surface tension value and standard deviations obtained
in this study for Nb, with 99.8% purity samples, are 1757+£47 mN-m™. Flint [27], using
a 99.99% Nb sample in the pendant drop experiments, reported a higher value of
1827 mN-m™. Allen [2], using an even purer Mo sample of 99.9986% in similar
pendant drop experiments, measured a value of 1900 mN-m™. The differences in the
values may be attributed to the differences in the purity of the samples used in the
different experiments.

5. CONCLUSIONS

Surface tension measurements of liquid metals, Zr, Ni, Ti, Mo, and Nb, have
been measured using the quasi-containerless pendant drop method. The measured



results agree well with those in the literature in most cases. The differences in sample
purity and in the accuracy of various experimental methods may explain some of the
differences in the measurements.

The quasi-containerless pendant drop method has been successfully
demonstrated for several high melting metals. The introduction of the CCD camera
and full-shape computer analysis have made this method a very powerful tool for high-
precision surface tension measurement of metals. This method should be equally
applicable to the surface tension measurement of alloys.
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the quasi-containerless pendant drop apparatus
showing details of the imaging system. (The white light source shown is used
only for back-lighting of the calibration sphere.)

Figure 2. Schematic diagram of the quasi-containerless pendant drop apparatus
showing details of the electron beam heating system.

TABLE CAPTIONS
Table 1. Properties of the metals used for the experiments.

Table 2. Summary of experimental results.
Table 3. Comparison of the results with literature.
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Figure 1. Schematic diagram of the quasi-containerless pendant drop apparatus
showing details of the imaging system. (The white light source shown is used
only for back-lighting of the calibration sphere.)
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Figure 2. Schematic diagram of the quasi-containerless pendant drop apparatus
showing details of the electron beam heating system.
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Table 1: Properties of the metals used for the experiments.

Metal Sample purity [%) TmIC] Pm[g-cm3)
Zr 99 1852 (2] 6.06 [2]
Ni 99.995 1453 (2] 7.77 12
Ti 99.99 1660 (2] 4.11 [2]
Mo 99.95 2617 (28] 9.33 [28]
Nb 99.8 2468 [28] 7.6 (28]
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Table 2: Summary of experimental results.

Metal ¥ (Tm) [MN-m-1] Average Bond #, 8 Average radius of
curvature, R, (cm)
Zr 1463 +£12 0.20472040 0.22445640
Ni 1687 £ 22 0.22512044 0.21098127
Ti 1475+ 23 0.20697390 0.27528640
Mo 2068 = 70 0.17209774 0.19716234
Nb 1757 +47 0.19233724 0.21293083
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Table 3: Comparison of the results with literature.

Metal ¥ (Tm) [MN-m-1] ¥ (Tm) [MN-m-1] Method of
(present (from literature) determination
measurements)
Zr 1463 + 12 1480 [2] Drop weight
146914 [2] Pendant drop
(selected area)
1435 [22] Drop weight
Ni 1687 + 22 1998+14 [23] Oscillating drop
' 1780450 [2] Drop weight
) 1868 [24] Oscillating drop
Ti 1475 + 23 1460 [25] Drop weight
1390 [26] Pendant drop
1656+4 [2] Pendant drop
Mo 2068 + 70 2049 [27] Pendant drop
2080 [25] Drop weight
2239 +10 [2] Pendant drop
Nb 1757 £ 47 1827 [27] Pendant drop
1900 [2] Pendant drop

17



